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ABSTRACT 
 
Fibre reinforced polymer (FRP) anchors made from rolled or folded fibres have been shown to be an effective 
technology for delaying or even preventing premature debonding failure in concrete structures strengthened with 
externally bonded FRP. It would naturally be expected that the use of FRP anchors can improve the earthquake-
resistance of FRP strengthened structures by increasing its loading capacity and ductility especially the latter. 
This study explores the application of FRP anchors in seismic strengthening of clay brick walls. One unique 
feature of such a system is that the brick unit has smaller dimensions compared to common concrete specimens. 
This paper reports an experimental pull out study of these FRP anchors. Test parameters included anchor 
construction, the diameter of the anchor, and the size of predrilled holes in clay brick. The experimental results 
indicate that FRP anchors can be designed to achieve high loading capacities and hence can be effectively used 
to prevent or delay FRP debonding failure. The results also indicate that the geometry of the anchor system has 
a significant effect on its loading capacity.  
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INTRODUCTION  
 
There has being an explosive increasing demand for retrofitting existing structures to improve their performance, 
especially to enhance their earthquake-resistance. The use of FRP strengthening system has recently emerged as 
one of the advanced retrofitting techniques. Although this technique has been proved to be a convenient and 
effective approach, existing studies have also demonstrated that externally bonded FRP tends to exhibit 
premature debonding from the substrate, prior to the development of full material strength (Smith, et al., 2011),  
leading to reduced seismic performance of FRP strengthened structures due to the brittleness and low energy 
dissipation capacity.   
One effective and rational approach for preventing or delaying debonding is the use of proper anchor 
technologies, commonly including metal anchors to mechanically fasten the FRP sheet to substrate and FRP 
anchor to be embedded into a predrilled hole in substrate using epoxy (Ozbakkaloglu and Saatcioglu, 2009, 
Smith, et al., 2011, Zhang, et al., 2012). The former often results in bearing failure of the FRP due to stress 
concentrations around the anchor. FRP anchors can usually avoid or minimise this problem because the fibres 
from the anchor are spread out and bonded to the FRP sheet. It has an added advantage of being the same 
corrosion-resistant material of the strengthening FRP. A FRP anchor consists of a rolled or folded FRP strip 
embedded into a predrilled hole in substrate using adhesive. Existing research has demonstrated that the 
utilization of FRP anchors can effectively improve the seismic performance in terms of loading carry capacity 
and energy dissipation capability.   
The vast majority of existing studies of FRP anchors has been concerned with concrete structures. Little 
research has been conducted on the pullout behaviour of FRP anchors installed into masonry, especially clay 
brick masonry. One feature of such a system is that brick units have smaller dimensions compared to common 
concrete specimens.  
This paper reports an experimental study on the pullout behaviour of FRP anchors embedded into clay bricks. 
The effects of important parameters, including brick strength, hole diameter, anchor embedment (hole) depth, 
and anchor fiber content on the pullout behaviour were examined. An anchorage strength model is proposed 
which may be adopted for design use. This study forms part of a project on seismic strengthening of masonry 
structures using a hybrid FRP grid-FRP anchor system. 
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EXPERIMENTAL STUDY 
 
A total of 42 CFRP anchors were manufactured and tested under pullout action. The test parameters included 
the anchor construction, embedment depth, hole diameter, fibre content and brick strength. 
 
FRP anchor construction  
 
FRP anchors can be formed either dry or wet and both were explored in this study: the former uses dry FRP 
strips to form a bar for the embedded portion whilst the latter uses wet FRP strips. FRP anchors are then 
constructed commonly by rolling the pre-cut FRP sheet, either dry or wetted. However, the rolling usually leads 
to fibre congestion at the centre of the anchor leading to difficulties in wetting the fibres in the centre in the dry 
process. An alternative method is to prepare the anchor by folding the sheet in order to have more uniform 
wetting of the fibres.  
To investigate the performance of the different FRP anchor construction methods, three types of FRP anchors 
were explored in the present study: anchors made by rolling dry FRP strips, folding dry FRP strips, and folding 
wet FRP strips. For both rolling and folding dry FRP anchors, a FRP strip with the desired size was cut from a 
large FRP sheet, which was then rolled or folded to form an anchor. For impregnated (wet) FRP anchor, a thin 
layer of epoxy was used to wet the area of the FRP strip which would be embedded into bricks after folding.  
The material properties of the CFRP and epoxy resin used to manufacture the FRP anchors are summarized in 
Table 1. The two critical parameters in determining the width of FRP strip were: (1) the tensile capacity of FRP 
anchors, and (2) the content of FRP and epoxy inside the predrilled hole. As the interested failure mode was the 
pullout failure of FRP anchors, the anchors were thus designed to have sufficient amount of fibres to prevent the 
rupture anchor failure in pullout test.  
Table 1 Properties of CFRP sheet and epoxy used in manufacturing FRP anchors (from manufacturer) 
Material Nominal thickness (mm/ply) 
Ultimate tensile 
strength (MPa) 
Elastic modulus 
(MPa) 
Rupture 
strain (%) 
CFRP sheet 0.167 3400 230000 1.7 
Epoxy resin - 30 4500 0.9 
 
Brick specimens 
 
Two types of solid clay bricks were used in this study: one had compressive strength and bending tensile 
strength of 21.7 MPa and 3.16 MPa respectively and the other had compressive strength and bending tensile 
strength of 31.1 MPa and 5.35 MPa respectively. All the bricks had nominal dimensions of 240×115×53 mm3. 
The strengths were tested following the Chinese standard GB 5101-2003 (2003). 
 
Anchor installation 
 
A rotary hammer drill was used to drill the holes to a depth equal to the designed embedment length of anchors 
in the clay bricks. The holes were cleaned using compressed air. They were then filled with a two component 
epoxy adhesive using a syringe. Two 0.9mm diameter steel wires were bound together and used to stir the 
adhesive in order to make it uniform and consistent and eliminate air pockets. The anchors were then inserted 
into the holes perpendicular to the brick face. The free end of FRP anchors were adhesively clamped using two 
aluminium plates after 2 days of installing the FRP anchors. All specimens were cured at room temperature for 3 
days prior to testing.  
 
Test setup 
 
All specimens were tested using a 300 kN universal testing machine. The test set up is shown in Figure 1. The 
pullout tests were conducted under displacement control at a loading rate of 2 mm/min. In addition to the load, 
the displacement of FRP and bricks were monitored using both LVDTs and the PIV technique (Figure 1 (b)). 
 
TEST RESULTS AND DISCUSSION 
 
The pullout behaviour of FRP anchors were analysed as follows. Table 2 summarises the key test parameters 
and results. 
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Figure 1 Test setup: (a) Schematic of loading frame, (b) test setup  
 
Failure modes 
 
The failure modes may be classified into four types: Type A - mixed mode with a triangular prism detached 
from and a unsymmetrical splitting crack into the brick [Figure 2 (a)], Type B - a triangular prism detached from 
the brick [Figure 2 (b)], Type C– mixed mode with a triangular prism detached from and a symmetrical splitting 
crack into the brick [Figure 2 (c)], and Type D – mixed mode with a triangular prism detached from the brick 
with a splitting crack along the embedded FRP anchor within the detached prism [Figure 2 (d)]. All failures are 
brittle. A brick triangular prism or similar shape is evident in all modes. Compared to the failure modes of FRP 
anchors embedded in concrete substrate, an important distinction is that a triangular prism is detached from the 
tested clay bricks whilst a cone occurs in concrete (Figure 3). This may be attributed to the smaller dimensions 
of the adopted bricks compared with the common concrete specimens. Existing analytical models developed for 
concrete cone failures may therefore not be applicable to brick anchorage failures because the projected area of 
the failure prism is rectangle in the bricks instead of a circular area in concrete specimens.   
 
Optimization of FRP anchors 
 
Three types of FRP anchors were used in this study, namely, rolling dry FRP strip (J type in Table 2), folding 
dry FRP strip (Z type in Table 2), and folding wet FRP strip (ZJX type in Table 2). Figure 4 illustrates the effect 
of anchor type on the average ultimate pullout load. It is shown that the folding wet FRP anchors provided the 
highest ultimate pullout load among the three types of anchors, because this anchor has good bond between the 
anchor and the brick as well as between fibres.  The pullout behaviour of this anchor was thus investigated 
further.  
 
Influence of key variables of FRP anchor 
 
This section analyses the effects of key parameters of the ZJX type FRP anchors on the anchorage strength. The 
pullout strength versus anchor hole diameter is shown in Figure 5. It is seen that the ultimate pullout loads are 
very similar for hole diameter =10 and 12mm. Note that the average equivalent diameter of the folding wet FRP 
anchors was 9.1 mm, which means that there was only a very small amount of adhesive around the anchor in the 
holes and little working space when the hole diameter is small. When the hole diameter was increased to 14 mm, 
the ultimate pullout load was significantly improved, probably because improved bond between the anchor and 
masonry due to increased working space and bond area. Eight out of the nine specimens failed in modes 
exhibiting splitting cracks (Figures 2a, c, d) when the hole diameter was increased to 14 mm, only specimen 
ZJX-10 failed with a single brick chunk broken off (Figure 2b).  
 
The pullout strength versus the anchor hole depth (anchorage length) is shown in Figure 6. It is clear that the 
deeper the hole the greater the ultimate pullout strength for a given hole diameter. The specimens with smaller 
hole depths (~20 mm) usually failed in modes without splitting cracks extending to the full height of brick 
(Figures 2b and d).  
 
 
 
(a) (b) 
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Table 2 Key parameters and test results of specimens 
Specimen
＋ 
Geometry 
(mm) 
Hole 
depth 
Lh 
(mm) 
Hole 
diameter 
d0(mm) 
FRP 
anchor 
length 
(mm) 
Embedment 
length (mm) 
FRP 
width 
w 
(mm) 
Equivalent 
diameter of 
FRP 
anchor#(mm) 
Test pullout 
load 
(kN) Failure mode## 
 Average [SD]* 
J-i-1 236×115×50 31.0 12.2 119.8 30.2 
150 
7.56 3.34 3.47 
[0.25] 
C 
J-i-2 238×115×50 32.6 11.7 202.4 31.8 7.36 3.30 C 
J-i-3 238×114×50 32.9 12.0 199.6 31.9 7.58 3.76 C 
Z-i-1 236×113×49 30.2 11.8 205.3 29.7 
150 
7.56 5.22 5.14 
[0.07] 
B 
Z-i-2 237×115×51 30.2 12.0 202.4 29.4 7.56 5.08 D 
Z-i-3 236×117×50 29.9 12.3 202.5 28.7 7.52 5.13 D 
ZJX-i-1 235×114×52 30.9 10.3 205.7 29.7 
150 
9.04 5.54 5.77 
[0.31] 
B 
ZJX-i-2 237×113×48 29.7 10.1 199.5 28.4 8.87 6.11 B 
ZJX-i-3 236×113×51 30.9 10.3 200.0 30.1 9.03 5.64 D 
ZJX-i-4 239×116×50 31.8 11.6 200.1 30.6 
150 
8.54 5.42 5.65 
[0.28] 
C 
ZJX-i-5 236×115×52 32.7 11.5 200.2 31.9 9.07 5.97 A 
ZJX-i-6 237×114×50 32.7 11.5 200.2 31.9 9.07 5.57 A 
ZJX-i-7 240×116×50 32.5 14.0 199.2 31.1 
150 
9.03 6.52 6.17 
[0.32] 
A 
ZJX-i-8 236×114×50 30.7 14.1 200.0 30.0 9.55 6.10 D 
ZJX-i-9 235×116×52 31.0 14.0 199.4 30.2 9.06 5.90 A 
ZJX-i-10 239×115×51 20.1 10.1 200.1 21.0 
150 
9.01 3.86 3.84 
[0.12] 
D 
ZJX-i-11 236×115×50 21.5 10.2 199.9 20.0 9.05 3.71 B 
ZJX-i-12 238×114×52 22.1 10.0 201.1 19.8 8.94 3.95 D 
ZJX-i-13 237×116×49 21.7 12.0 201.7 20.7 
150 
9.03 4.23 4.16 
[0.21] 
B 
ZJX-i-14 239×115×51 20.4 12.0 201.0 19.8 8.72 3.93 B 
ZJX-i-15 236×113×50 19.0 12.0 199.4 16.1 9.04 4.32 B 
ZJX-i-16 235×114×49 22.3 14.0 215.5 21.8 
150 
8.89 4.90 4.98 
[0.33] 
A 
ZJX-i-17 235×115×50 20.2 14.1 206.4 19.8 9.14 5.34 D 
ZJX-i-18 237×115×52 20.4 14.1 205.8 18.9 9.09 4.70 B 
ZJX-i-19 234×114×49 40.3 9.6 202.0 39.5 
150 
9.02 6.60 6.76 
[0.54] 
D 
ZJX-i-20 236×114×52 41.2 10.1 200.0 40.0 8.98 7.36 A 
ZJX-i-21 235×114×51 40.3 9.9 201.0 38.8 9.04 6.31 D 
ZJX-i-22 240×116×53 39.9 12.4 200.8 38.4 
150 
9.01 6.24 6.15 
[0.33] 
D 
ZJX-i-23 237×115×50 40.4 11.9 200.9 39.0 9.05 6.42 C 
ZJX-i-24 238×114×50 43.4 12.2 201.7 42.2 9.11 5.78 C 
ZJX-i-25 234×113×49 39.2 13.8 198.6 37.5 
150 
9.12 7.46 7.42 
[0.21] 
C 
ZJX-i-26 236×116×50 39.7 14.0 203.1 38.7 8.97 7.61 A 
ZJX-i-27 240×115×50 42.8 14.1 201.7 40.1 8.76 7.19 D 
ZJX-i-28 240×116×53 30.3 12.0 200.7 30.1 
50 
5.10 4.89 4.73 
[0.17] 
B 
ZJX-i-29 237×116×50 30.8 12.0 199.6 29.9 5.04 4.56 D 
ZJX-i-30 239×116×51 31.5 12.2 200.5 30.0 5.08 4.75 D 
ZJX-i-31 239×116×49 30.5 11.9 199.0 27.7 
100 
7.53 5.55 5.95 
[0.38] 
A 
ZJX-i-32 239×115×51 33.8 12.1 199.5 32.5 7.24 5.99 A 
ZJX-i-33 236×115×50 31.6 12.0 200.3 30.8 7.54 6.30 B 
ZJX-ii-34 239×115×51 30.0 13.9 200.2 29.4 
150 
8.95 3.51 3.41 
[0.15] 
D 
ZJX-ii-35 240×115×50 29.3 13.7 201.0 28.2 9.54 3.24 D 
ZJX-ii-36 239×115×51 29.1 13.8 199.5 28.0 9.25 3.48 D 
+ J- rolling dry FRP strip, Z- folding dry FRP strip, ZJX- folding adhesive impregnated FRP strip, - i – high strength brick; - 
ii –low strength brick; 
# equivalent diameter of FRP anchor was converted from the measured perimeter of finished anchor;   
* [SD] – standard deviation;  
## Failure Mode – corresponding to modes illustrated in Figure 2; 
All notes are applied to all tables. 
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 Figure 2. Failure modes 
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The FRP strip width, also referred as equivalent anchor diameter converted from the perimeter of finish FRP 
anchors, versus the ultimate pullout load is plotted in Figure 7. It is interesting to note that the highest ultimate 
pullout load is experienced by anchors with a width of 100 mm (equivalent anchor diameter of 7.4 mm). The 
loading capacity was lower for specimens with 150mm FRP strips may be because less adhesive was used for 
the same hole diameter leading to weaker bond. 
(A) 
Triangular prism and 
unsymmetrical 
splitting crack 
 
(B) 
Triangular prism  
(C) 
Triangular prism and 
symmetrical splitting 
crack 
 
(D) 
Triangular prism and 
splitting crack along the 
embedded FRP anchor 
Figure 4. Effect of FRP anchor type on 
ultimate pullout load 
Figure 5. Effect of anchor hole size on ultimate 
pullout load (ZJX anchor) 
(a)                                                                                           (b) 
Figure 3 Different failure modes in concrete and clay brick  
(a) concrete pullout cone, (b) clay brick pullout triangular prism  
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The lower brick strength led to a weaker pullout ultimate load as expected, e.g., the pullout strength from ZJX-
ii-34 to 36 was lower than that from ZJX-i-7 to 9 as only brick strength were different in the two groups. All 
three low strength brick specimens (ZJX-ii-34 to 36) failed in the type D mode (Figure 2). That can be 
contributed to the pullout of FRP anchor due to cracks in the brick.  
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PULLOUT STRENGTH MODEL FOR FRP ANCHORS IN CLAY BRICK 
 
It was observed that a triangular prism was detached from the brick in all ZJX specimens. This failure pattern 
may thus be used as the base case for deriving the pullout capacity of FRP anchor in clay bricks. Compared with 
the cone failure of FRP anchor in concrete (Figure 3(a)), the triangular prism failure in clay bricks shared the 
similar failure manner but a different projected area due to the smaller dimensions of bricks. Assuming a cone 
angle (α) of 45 º based on a statistical analysis, Ozbakkaloglu and Saatcioglu (2009) proposed the following 
concrete cone capacity model based on the ACI 349-85 (1997) cone model: 
2( )cone ct N ct c c aF f A f L L dS S                                              (1) 
In which  fct is the concrete tensile strength, AN is the projected area of stress cone which consists of a circular 
area for the basal plane of the cone and the surface area of the bond, Lc is the depth of the concrete cone, and da 
is the diameter of the anchor as shown in Figure 3(a).  
 
Equation 1 cannot be applied directly to the clay brick triangular prism failure for several reasons. Firstly, there 
is an apparent difference in the failure shapes. Secondly, the test results showed in this study that the pullout 
strength is influenced by not only the diameter of the anchor (da) but also that of the hole (d0). Thirdly, it is 
found from the test that the triangular prism angle (α) (Figure 3b) varied with the anchor geometry. A new 
strength model is thus required for the triangular prism in bricks. By examining the failure prisms in detail, the 
projected failure area of the brick failure prism (AN)brick (Figure 3(b))  may be expressed as  
  2 cN b b c a b c abrick
LA w S L d w L dtan  S     SD
                                   (2) 
where wb is the width of the brick, Lc is the depth of the triangular failure prism in the anchor direction, Sb is the 
length of the projected area, and α is the triangular angle. 
 
Apart from the desired parameters wb and da, the parameters related to the triangular prism failure pattern, such 
as, Lc and α, were measured in the experiment and recorded in Table 3. The depth of triangular prism (Lc) and 
the length of the projected area (Sb) were directly measured from the two sides of the brick as shown in Figure 8. 
It can found from Table 3 and Table 2 that the depth of triangular prism (Lc) was approximately equal to the 
hole depth (Lh). In order to develop a prediction model, the depth of triangular prism (Lc) in equation 2 is 
replaced by the hole depth (Lh) because it is a pre-defined parameter.  
 
 
 
 
Figure 6. Effect of hole depth on 
ultimate pullout load (ZJX anchor) 
 
Figure 7. Effect of FRP strip width [equivalent 
anchor diameter] on ultimate pullout load (ZJX 
anchor) 
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Table 3  Test and prediction results for ZJX type FRP anchors 
Specimen Sb Lc 
α (degree) Pullout strength 
 Average [SD] Test 
Model 
(Eq. 5) Test/Model 
ZJX-i-1 82.3 29.5 35.6 27.8 
[6.9] 
5.54 
4.73 
1.17 
ZJX-i-2 115.4 27.2 25.3 6.11 1.29 
ZJX-i-3 141.1 29.3 22.5 5.64 1.19 
ZJX-i-4 107.2 33.1 31.7 29.1 
[3.4] 
5.42 
5.57 
0.97 
ZJX-i-5 116.3 27.5 25.3 5.97 1.07 
ZJX-i-6 102.0 29.7 30.2 5.57 1.00 
ZJX-i-7 134.3 30.3 24.3 22.7 
[2.4] 
6.52 
6.41 
1.02 
ZJX-i-8 147.0 26.6 19.9 6.10 0.95 
ZJX-i-9 131.2 29.1 23.9 5.90 0.92 
ZJX-i-10 75.9 20.6 28.5 20.0 
[7.6] 
3.86 
4.36 
0.88 
ZJX-i-11 142.4 17.8 14.0 3.71 0.85 
ZJX-i-12 127.0 19.8 17.4 3.95 0.91 
ZJX-i-13 135.1 17.5 14.6 19.3 
[6.8] 
4.23 
5.17 
0.82 
ZJX-i-14 127.0 18.6 16.3 3.93 0.76 
ZJX-i-15 67.6 17.3 27.1 4.32 0.84 
ZJX-i-16 111.7 17.5 17.4 18.8 
[1.2] 
4.90 
5.97 
0.82 
ZJX-i-17 128.1 22.8 19.6 5.34 0.89 
ZJX-i-18 107.1 18.7 19.3 4.70 0.79 
ZJX-i-19 135.2 39.7 30.4 30.8 
[0.3] 
6.60 
5.10 
1.29 
ZJX-i-20 120.4 36.2 31.1 7.36 1.44 
ZJX-i-21 121.7 36.3 30.8 6.31 1.24 
ZJX-i-22 158.0 36.5 24.8 29.2 
[3.8] 
6.24 
5.98 
1.04 
ZJX-i-23 108.5 33.8 31.9 6.42 1.07 
ZJX-i-24 131.9 39.3 30.8 5.78 0.97 
ZJX-i-25 124.3 38.0 31.5 28.5 
[2.7] 
7.46 
6.86 
1.09 
ZJX-i-26 143.3 37.7 27.8 7.61 1.11 
ZJX-i-27 179.1 44.3 26.3 7.19 1.05 
ZJX-i-28 126.4 25.7 22.2 21.8 
[1.9] 
4.89 
5.34 
0.92 
ZJX-i-29 147.4 26.6 19.8 4.56 0.85 
ZJX-i-30 126.2 27.5 23.5 4.75 0.89 
ZJX-i-31 139.0 31.1 24.1 25.7 
[4.5] 
5.55 
5.47 
1.01 
ZJX-i-32 121.1 36.0 30.8 5.99 1.09 
ZJX-i-33 139.5 28.6 22.3 6.30 1.15 
ZJX-ii-34 123.9 25.8 22.6 21.7 
[1.3] 
3.51 
3.79 
0.93 
ZJX-ii-35 132.1 27.0 22.2 3.24 0.85 
ZJX-ii-36 136.6 25.1 20.2 3.48 0.92 
SD 0.16 
CoV 16% 
  
 
 
Figure 8. Brick triangular prism failure pattern 
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An approximation was adopted in calculating the triangular angle (α) in Table 3 by assuming that the triangular 
prism was symmetrical. A regression analysis of the test results shows that α can be closely related to the hole 
depth (Lh) and the hole diameter (d0) as follows 
 
0
tan 0.18 hLdD                                                                   (3) 
 
The pullout strength model should consider all the critical parameters identified in the experiments, including 
hole depth (Lh), hole diameter (d0) and diameter of anchor (da). The ratio of diameter of hole to the anchor (d0/da) 
was chosen as an additional term to jointly consider the effects from both parameters. The pullout strength 
model was thud developed by a regression analysis as follows  
02( ) 0.115 1
tan
h
brick bt h a
a
hL dF f L d dSD
ª º§ ·    « »¨ ¸
© ¹¬ ¼
                                   (4) 
where fbt is the tensile strength of the brick.  
 
Substituting equation (3) into equation (4) yields  
0 02( ) 0.115 1
0.18brick bt c a a
hd dF f L d dS
ª º§ ·    « »¨ ¸
© ¹¬ ¼
                                    (5) 
 
It is clear that this new model is a prediction model because all parameters are pre-defined.  
 
The statistical performance of the proposed model was examined by comparing its predictions with the test data 
as listed in Table 3. It is clear that the predictions of the proposed pullout strength model are in close agreement 
with the test data. However, the experimental data presented are limited, more test data are required to further 
validate the proposed model.  
 
CONCLUSIONS 
 
This paper has presented a study on the behaviour of FRP anchors embedded into clay bricks. Three types of 
FRP anchors were explored to optimize the FRP anchor manufacture approach. The influences of key 
parameters of the optimal FRP anchor, made by folding wet FRP strips, were investigated. It has been found that 
the geometry of the anchor system has a significant effect on the its loading capacity.  An increase of the brick 
strength also increases the ultimate pullout strength. Finally, a new simple pullout strength model has been 
developed. This new model considers all the critical parameters based on the present test results and its 
prediction has been shown in close agreement with the test results.  
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